To introduce pits into a cell wall, plants depolymerize cortical microtubules, which prevents subsequent secondary cell wall thickening. A newly identified protein tethers microtubules to the plasma membrane and contains this breakdown to defined regions, thereby shaping these holes.
Lacking common multicellular ancestors, plants and animals evolved unique solutions to common challenges of larger organisms, such as the distribution of water and nutrients within their bodies through a vascular system. In plants, water is transported from the root to the shoot within specialized cells -the xylem vessels. This transport is driven largely through transpiration at the leaves [1] . For a reliable supply, water needs to enter the xylem vessels easily and be conducted efficiently from one vessel to another. Yet, considering the towering heights of some plants and the limited water in many soils, the combination of gravity and leaf transpiration can exert immense negative pressures on the conducting cells, sufficient to cause cavitation (lowpressure-induced phase transition from liquid to gaseous water) and subsequent embolism [1] .
The cell walls of xylem vessels reflect these unique demands in their construction. In its final state, a xylem vessel has undergone programmed cell death and its remaining secondary cell wall is a rigid cylinder, heavily reinforced with lignin [2] . Its apical and basal cell walls are degraded, allowing a direct connection to the next vessel in the longitudinal direction, forming an efficient conduit. Its lateral cell walls are dotted with little perforations, the pits. The inside of a xylem vessel thus forms a continuum with the apoplast, the entirety of a plant's extracellular space.
Xylem-differentiating cell cultures, which were established more than 30 years ago [3] , have been a powerful tool to study this secondary cell wall patterning. The importance of the microtubule cytoskeleton to direct secondary cell wall formation became apparent early on [4, 5] . Our current understanding is that cellulose synthase complexes travel rapidly along aligned cortical microtubules to set up thick strands of cellulose, which create the characteristic pattern of xylem vessels [6, 7] . Subsequently, these cell wall thickenings are heavily lignified post mortem, thus reflecting the pattern initially set up by cortical microtubules [8] . But how does the cellular machinery ensure massive and rapid cell wall thickening around most of the cell but prevent its deposition in defined regions? In a string of recent publications, Oda and colleagues reported that active ROP domains recruit plasma membrane anchored MIDD1, which in turn recruits Kinesin-13A [8] [9] [10] . Combined, this complex locally tethers cortical microtubules to the plasma membrane and depolymerizes them. As a result, distinct regions just underneath the plasma membrane are void of microtubules and consequently cannot guide any cellulose synthase complexes. This locally prevents secondary cell wall thickening and thus allows for pit formation [11] . Yet, to maintain a vessel's rigidity pit size and shape have to be tightly limited, too. In a new study published recently in Current Biology, Sugiyama and colleagues identify IQD13, which acts mechanistically surprisingly similar to MIDD1, yet limits pit formation [12] .
IQD13 belongs to a family of microtubule-binding proteins and is specifically upregulated during metaxylem differentiation. Indeed, pit aspect ratio (as a measure of shape) and pit size can directly be modulated through IQD13 expression. A corresponding knock-out and RNAi knock-downs show a lower pit ratio and larger pit area, while IQD13 overexpression leads to a higher pit aspect ratio and concomitantly larger pit area, suggesting a dose-dependent influence of IQD13 on shaping the pit margins. Combining mutants of iqd13 with its closest paralog, iqd14, phenotypes become even more drastic. Importantly, this effect appears metaxylem-specific and the neighboring protoxylem cells remain unaltered, thus indicating a rather specific partial functional redundancy of these IQD family members.
Interestingly, IQD13 non-uniformly associates with microtubule plus ends when expressed in xylem-differentiating cell cultures. Also, close examination of microtubule dynamics shows an increased probability of shrinkage when they are not associated with IQD13. Conversely, in planta overexpression of IQD13 resembles treatment with the microtubulestabilizing drug taxol. Additionally, in cell cultures its overexpression increases microtubule density and renders microtubules resistant to the depolymerizing drug oryzalin. Combined, these results suggest a selective regulation of microtubule dynamics through IQD13-mediated rescue.
IQD proteins were recently reported to co-localize with both microtubules and the plasma membrane, and a possible role in membrane scaffolding was postulated [13, 14] . To functionally characterize IQD13, Sugiyama and colleagues localized protein fragments in leaf epidermal cells. Three identified domains associated to microtubules while the amino-terminal domain of IQD13 labeled the plasma membrane. FRAP analysis of these protein fragments showed that these three microtubulebinding domains combined prevent IQD13 mobility. Intriguingly, however, firm microtubule interaction did not suffice to increase cortical microtubule density, strongly suggesting a critical synergistic effect of the protein's microtubule and plasma membrane association in preventing cortical microtubule shrinkage.
In a last series of experiments, Sugiyama and colleagues addressed the functional relationship between active ROP plasma membrane domains, which mediate cortical microtubule depolymerization, and IQD13, which prevents it. Just as the ROP-domainrecruited MIDD1, IQD13 can interact with both plasma membrane and cortical microtubules through different domains. Yet, can IQD13 itself regulate the extent of ROP domains? Reconstructed ROP domains at the plasma membrane of cultured cells truncated for the microtubule-binding domain of MIDD1 are mutually exclusive with microtubules, which, however, perfectly co-localize with the full-length version of IQD13. Yet, a truncated version of IQD13 missing its plasma membrane interaction motif no longer guarantees this mutual exclusion, while still perfectly co-localizing with microtubules. Importantly, artificially increasing cortical microtubule density with taxol also fails to contain ROP domains at the plasma membrane. This stresses the crucial combinatory role of plasma membrane anchoring and microtubule binding of IQD13 in spatially controlling these active ROP domains.
The functional characterization of IQD13 adds a missing link between plasma membrane patterning through ROP domains and cytoskeleton-guided cellulose synthesis for secondary cell wall formation (Figure 1 ). It adds fascinating evidence to a model where locally confined and mutually-exclusive mechanisms pattern the plasma membrane and ultimately the cell wall. Intriguingly, limiting xylem vessel pits appears mechanistically similar to their generation in the first place. Both mechanisms rely on firmly tethering cortical microtubules to the plasma membrane, either through MIDD1 to allow localized depolymerization by Kinesin-13A [8, 10] or through IDQ13 to safeguard microtubules against just that. Now that we have begun deciphering different actors regulating vessel pit size through tight spatial control of plasma membrane micro-domains, exciting questions about their positioning and morphology can be addressed. What mechanisms define them? How can they be so regularly spaced during vessel differentiation? And how do their shape and patterning affect the hydraulic properties of the entire plant?
In this context, IQD-dependent microtubule-to-membrane tethering (A) Connective water transport in the xylem requires a rigid secondary cell wall and lateral connections through pits to the neighboring apoplast. (B) Prior to secondary cell wall formation, pits are laid out at the plasma membrane. MIDD1 is recruited to active ROP domains and tethers microtubules to the plasma membrane. Kinesin-13A interacts with MIDD1 to locally depolymerize microtubules. Around the future pits, IDQ13 also tethers microtubules to the plasma membrane but prevents their depolymerization, thus spatially restricting active ROP domains. Eventually, secondary cell wall deposition through microtubule-guided cellulose synthases can occur only around the active ROP domains and final lignification is restricted to secondary cellulose deposits.
may be of great relevance for secondary cell wall formation in xylem vessels, and also beyond. Further IQD-encoding genes appear to be enriched in or exclusive to specific tissues [14] . Additionally, regulatory mechanisms involving Ca 2+ and calmodulin-binding through the family's eponymous IQ67-domain have been proposed [13, 14] . The work of Sugiyama and colleagues now provides a technical and conceptual framework to address the functional regulation of IQDs and their role in microdomain formation.
The relationship between plasma membrane and cell wall in plants is so intimate and the architecture of plant cell walls often so spectacular, that micro-domains are likely suspects to govern cell wall formation. Yet, although various micro-domains have regularly been observed, demonstrations of their instructive role in cell wall formation processes are still rare. Among the few exceptions are MIDD1-mediated xylem pit formation [9, 10] and exocyst-mediated positioning of the lignified Casparian strip [15] . But micro-domain formation is likely relevant in other cellular processes, too. For instance, formation of specific microdomains in FLS2 and BRI1 receptor partitioning during plant immune and hormonal signaling, respectively, has recently been reported [16] . The work presented here by Sugiyama and colleagues now puts a further emphasis on the critical importance of plasma membrane compartmentalization during cellular differentiation. Now we can start asking how plants functionally and spatially regulate this.
